Iwamoto Y, Kaneko H, Yoshida K, Shimazu H. Role of glycinergic inhibition in shaping activity of saccadic burst neurons. J Neurophysiol 101: 3063-3074, 2009. First published March 25, 2009 doi:10.1152/jn.90565.2008. The immediate premotor signals for saccades are created at the level of medium-lead burst neurons (MLBNs). During fixations, MLBNs receive tonic inhibition from omnipause neurons (OPNs), which use glycine as a neurotransmitter. To elucidate the role of this inhibition, we studied discharge patterns of horizontal MLBNs following iontophoretic application of strychnine, a glycine-receptor antagonist, in alert cats. Three-barrel micropipettes were used for extracellular recording and iontophoresis. After application of strychnine, MLBNs exhibited spontaneous discharge and visual responses during intersaccadic intervals. Spikes were evoked by single-pulse stimulation of the contralateral superior colliculus (SC). These results show that MLBNs receive substantial excitatory input during intersaccadic intervals and that inhibitory action of OPNs is indeed necessary to prevent MLBNs from firing. Strychnine also affected saccade-related activity of MLBNs. The burst of activity, as in normal conditions, declined rapidly before the end of saccades but was followed by low rate spike activity, which continued beyond the end of saccades. This suggests that in normal conditions, the termination of saccades is determined by resumed inhibitory action of OPNs and not by termination of excitatory input to MLBNs. In addition, the firing rate and the number of spikes during saccades increased after strychnine application, suggesting that MLBNs receive glycinergic inhibition of non-OPN origin as well. We conclude that glycinergic inhibition plays essential roles in the maintenance of stable fixation, the termination of saccades, and the regulation of saccade size and velocity.
I N T R O D U C T I O N
Saccades are rapid eye movements that shift the line of sight to a new target. The immediate premotor command for saccades is provided by reticular medium-lead burst neurons (MLBNs), which are a central element of the saccade generator (Cohen and Henn 1972; Keller 1974; Luschei and Fuchs 1972; Van Gisbergen et al. 1981 for monkeys, Kaneko et al. 1981 for cats). For horizontal saccades, the MLBNs consist of excitatory burst neurons (EBNs) that project directly to ipsilateral abducens motoneurons (Igusa et al. 1980; Sasaki and Shimazu 1981; Strassman et al. 1986a ) and inhibitory burst neurons (IBNs) that project directly to contralateral abducens motoneurons (Hikosaka and Kawakami 1977; Hikosaka et al. 1978; Strassman et al. 1986b; Yoshida et al. 1982) . MLBNs exhibit a high-frequency burst of spikes during saccades. Their instantaneous firing rate is proportional to instantaneous saccade velocity and the number of spikes proportional to saccade amplitude (Fuchs et al. 1985 for review). The burst duration approximately equals the saccade duration for morphophysiologically identified IBNs in the cat (Yoshida et al. 1982) .
Another crucial element of the saccade generator, omnipause neurons (OPNs), is located near the midline of the pons in both primates and cats. They exhibit steady discharge during intersaccadic intervals and cease firing during saccades in all directions (Cohen and Henn 1972; Evinger et al. 1982; Keller 1974; Luschei and Fuchs 1972) . OPNs project directly to and inhibit MLBNs (Curthoys et al. 1984; Langer and Kaneko 1983; Nakao et al. 1980; Ohgaki et al. 1987; Strassman et al. 1987) . Microstimulation in the OPN area completely eliminates saccadic eye movements for the duration of the stimulation, indicating that, during fixations, OPNs exert a powerful inhibitory action on MLBNs (Keller 1974) . During saccades, OPNs in turn receive eye velocity-related inhibitory input from MLBNs in the saccade generator (Yoshida et al. 1999) .
The mutual inhibitory interaction between MLBNs and OPNs works as a key mechanism for creating mirror-image patterns of activity for the two classes of neurons (for review, Fuchs et al. 1985) . Based on this knowledge, OPNs have been assumed to act as a gate for saccade generation. To initiate a saccade, MLBNs must be released from OPN inhibition to discharge a burst of spikes in response to an excitatory drive. Thus silencing OPNs by a presumed trigger signal is a critical step for saccade initiation. Once OPNs cease firing and MLBNs begin their burst discharge, OPNs remain silent for the duration of the saccade due to the mutual inhibitory interaction. The role of the OPN pause in saccade generation is thus well understood. However, the role of OPNs' sustained firing, as opposed to their pause, remains unclear. Previous reports on the destruction of the OPN area appear inconsistent. Ibotenic acid lesions of OPNs did not impair the ability to maintain steady fixation in the monkey, suggesting that OPNs do not play a primary role in stable fixation (Kaneko 1996) . Another study has reported that a pontine lesion involving the OPN area in a human patient produced macrosaccadic oscillations (Averbuch-Heller et al. 1996) . This might suggest that OPN activity is necessary to maintain fixation. Facing these apparently conflicting results, we wondered whether MLBNs receive excitatory inputs that must be nullified by powerful inhibition from OPNs. Very little is known about excitatory inputs that MLBNs possibly receive during intersaccadic intervals under normal conditions.
The former study also reported that OPN lesions led to decreased velocity and increased duration of saccades without affecting their accuracy (Kaneko 1996) . This finding raises the possibility that OPNs may influence the profile of saccaderelated burst of MLBNs. Furthermore, it has long been suggested that OPN inhibition may be important for determining the duration of MLBN bursts (e.g., Scudder 1988 ). However, the temporal profile of saccade-related excitatory input, which can induce a burst discharge during the OPN pause, is still unknown.
The present study investigates how the interaction of excitation and inhibition contributes to the formation of the discharge pattern of MLBNs. To this end, we removed inhibitory input at the single MLBN level and observed changes in the neuron's discharge in alert cats. To block inhibitory action of OPNs, we employed iontophoretic application of strychnine, a glycine-receptor antagonist, during single-unit recording from MLBNs. We chose strychnine because there is good evidence that OPNs use glycine as a neurotransmitter (Horn et al. 1994 ). This technique allowed us, with the whole saccade-generating system virtually intact, to disclose the pattern of excitatory input that is normally masked by inhibitory input from OPNs. Results show that MLBNs receive substantial excitatory input during intersaccadic intervals and that inhibitory action of OPNs prevents them from firing. Results also reveal postsaccadic, prolonged excitatory input to MLBNs, indicating a pivotal role of the inhibitory action of OPNs in determining the end of saccades. Finally, the present study indicates that inhibitory input of non-OPN origin impinges on MLBNs during saccades. Preliminary reports of a part of this study appeared previously (Iwamoto et al. 2002; Kaneko et al. 2004; Yoshida et al. 2004) .
M E T H O D S

Surgical procedures and implantation of stimulation electrodes
Experiments were performed with two adult cats. All experimental protocols complied with the guidelines of the University of Tsukuba policy on the humane care and use of laboratory animals. Each animal underwent the following surgical procedures under pentobarbital sodium anesthesia and aseptic conditions. A coil of Teflon-coated stainless steel wire was implanted on the right eye to record eye movements with the magnetic search-coil method (Fuchs and Robinson 1966) . The tympanic bulla on each side was opened, and a silver ball electrode was placed on the round window to stimulate the vestibular nerve. Two head-stabilization metal tubes were attached securely to the skull with bone screws and dental acrylic. An opening with a diameter of ϳ7 mm was made in the posterior part of the parietal bones to allow recording microelectrode access through the cerebellum to the brain stem. A recording chamber was placed over the opening and fixed to the skull with dental acrylic. Another small opening was made in the rostoral part of the occipital bones to insert stimulation electrodes into the superior colliculus (SC).
Recording conditions
During recording sessions, the head of the animal was fixed with the right eye in the center of the magnetic field. The animal's head was restrained to the stereotaxic frame with the nose down 26.5°. The body was restrained gently with a cloth bag. The animals kept quiet without any sign of distress or discomfort for the duration of recording. Saccades occurred spontaneously or were induced by presenting an object of interest (food or the experimenter's hands) in front of the animal.
A three-barrel glass micropipette with an external tip diameter of ϳ5 m was used for extracellular recording and iontophoretic application of strychnine. One barrel was filled with 3 M NaCl for single-unit recordings. The second barrel was filled with a solution of strychnine hydrochloride (10 mM, pH 3.0) dissolved in saline (150 mM NaCl). Strychnine was ejected by passing positive current (usually 30 -100 nA) through the barrel. Between drug ejections, a retaining current (10 -20 nA, negative) was applied to prevent diffusion from the tip. The third barrel was filled with 3 M NaCl and used as a return path for the ejection and retaining current. Typically, effects of strychnine on single MLBNs persisted for 10ϳ30 min or more after turning off the ejection current. Data collected during these postapplication periods were analyzed, hence direct effects of electrical current were excluded.
Stimulation
A microelectrode made of metal (Elgiloy) wire insulated with solder glass was chronically implanted in the caudal part of the SC on each side. The optimum sites were determined with the animal alert by recording neuronal responses to visual stimulation and observing saccades evoked by stimulation with a short pulse train (10 pulses of 0.1-ms duration, 400 Hz, Ͻ30 A). Single pulses of 0.1-ms duration at intensities Ͻ200 A were used to test for orthodromic activation of MLBNs. No eye movement was evoked by such single-pulse stimulation. Stimulation sites were marked by making electrolytic lesions and confirmed histologically at the termination of experiments. They were located in the intermediate or the deep layer in the caudal one third of the SC.
For visual stimulation, a laser spot was back-projected on a screen (70 ϫ 70°at a distance of 500 mm) through small holes (3°diam) and manually fluttered, or strobe lights (10 flashes, 20 Hz) were presented in front of the animal. An object moving in the animal's visual field was also used. Experiments were performed under the ordinary light of the laboratory.
Data analysis
Data were acquired and transferred to a computer disc using a CED 1401 plus interface and Spike2 software (CED). Filtered neuronal activity (bandwidth: 0.3-8 kHz) was continuously sampled at 25 kHz. Horizontal and vertical eye position signals, ejection current and stimulation signals were sampled at 500 Hz. Neuronal responses to SC stimulation were sampled at 100 kHz using a second interface with Signal software (CED). The relationships between eye movements and neuronal discharge were analyzed off-line. Eye velocity was computed as the slope of the line fitted to position samples in a 10-ms moving window. Radial eye velocity was computed from horizontal and vertical eye velocity by the Pythagorean theorem. Saccade onset and end were defined by using a radial velocity criterion of 15°/s. Spikes of a single neuron were detected using amplitude and shape criteria. To assist both the quantitative analysis and graphical comparison of the neuronal activity, discriminated spikes were converted into a smoothed firing rate trace by using a built-in Spike2 function which substituted each spike with a raised cosine bell waveform (half-width: 10 ms). For each saccade, the neuronal activity measured from 15 ms before the onset to 15 ms before the end of saccade was defined as intrasaccadic burst. The activities preceding and following the burst, which appeared after application of strychnine, were designated as "prelude" and "tail discharge," respectively. The time course of tail discharge was quantified by the time constant of a single-exponential function that was fit to the averaged neuronal data aligned on the saccade end. Only saccades that were followed by an intersaccadic interval of Ͼ500 ms were included in this average. The mean firing rate during intersaccadic interval was calculated for a period from 200 ms after the saccade end to 100 ms before the next saccade onset to exclude saccade-related prelude and tail activity. To establish the relationship between the neuronal activity and saccade, the mean burst firing rate was plotted as a function of the mean horizontal eye velocity. The number of spikes divided by the radial amplitude of saccade (called burst intensity) was also plotted as a function of saccade direction to characterize the directional selectivity of the change. A similar polar expression was previously used (Kaneko et al. 1981) .
R E S U L T S
General
Data from a total of 19 MLBNs were collected in the paramedian reticular formation ventromedial and mostly caudal to the abducens nucleus. MLBNs were identified by a high-frequency burst of spikes during ipsiversive saccades and complete silence during intersaccadic intervals. They showed no prelude of activity before the intense burst (cf. Cohen and Henn 1972; Keller 1974; Luschei and Fuchs 1972) . Judging from the recording sites, most neurons studied in the present experiments were probably horizontal IBNs detailed previously for the cat (Hikosaka and Kawakami 1977; Hikosaka et al. 1978; Yoshida et al. 1982) .
Iontophoretic application of strychnine produced clear changes in spike activity of MLBNs. Figure 1 shows discharge pattern of a MLBN before and after strychnine application. Before application, the cell exhibited a high-frequency burst of spikes in association with ipsiversive saccades and no or only a few spikes with contraversive saccades (Fig. 1A) . Complete silence was maintained during intersaccadic intervals. After iontophoretic application of strychnine, conspicuous changes in discharge pattern were observed. Spontaneous discharge appeared during intersaccadic intervals in all of the 19 MLBNs. Saccadic burst activity was followed by low rate spike activity that continued beyond the end of ipsiversive saccades, and there was a clear increase in spike activity associated with contraversive saccades (Fig. 1B) .
In the present study, the applied current was restricted to a moderate range (ϩ50 to ϩ150 nA) to prevent spread of strychnine in the MLBN area. We repeatedly confirmed after strychnine application that the eye position was stable during intersaccadic intervals and that saccadic eye movements were similar to those prior to injections (see eye position and velocity traces in Fig. 1, A and B) . Because the animals were not trained to look at targets in particular locations, the possibility of slight abnormality (such as hyper-or hypometric eye movements) could not be excluded. Figure 2 shows the time course of strychnine-induced change in intersaccadic activity. In this cell, spike discharge appeared at ϳ20 s after the beginning of ejection (84 nA in intensity) and gradually increased until ϳ130 -150 s. The firing rate during fixations (see METHODS) showed great variability, ranging from Ͻ5 to more than 60 spike/s. The interspike interval was often variable even during a single fixation period (cf. Fig. 1B ). The repetitive firing was not due to direct effects of the applied current itself because the cell did not generate spikes at or immediately after the onset of the ejection current. Moreover, the cell continued firing for ϳ15 min after cessation of drug ejection. In 13 MLBNs examined, the firing rate during intersaccadic intervals was calculated for the period where the effect was maximal. The firing rate, averaged across 7-62 intervals, ranged from 6.4 to 35.2 spike/s with a mean of 16.9 Ϯ 9.7 (SD) spike/s. There was no correlation between the firing rate and eye position.
Effects of strychnine on responses to visual stimuli
The appearance of spike discharge after blocking inhibition could be due to excitatory inputs that impinge on MLBNs during intersaccadic intervals. To investigate a possible contribution of visual input, we examined the responses of MLBNs to visual stimulation. We found that MLBNs increased their intersaccadic firing rate in response to a rapidly moving object such as a piece of paper or a moving spot light. Responses to stationary visual stimuli were usually very weak. Figure 3 illustrates responses of a MLBN to a small red laser spot that was manually fluttered within a small region of the screen. Before strychnine application, the MLBN exhibited spikes only in association with saccades and no spike response to visual stimulation (Fig. 3A) . After application of strychnine (60 nA, 200 s), which produced tonic discharge between saccades, visual stimulation elicited a further increase in the tonic firing (Fig. 3B ). To show this effect, we compared the mean intersaccadic firing rate during visual stimulation to the mean intersaccadic firing rate before stimulation. The mean intersaccadic firing rates were calculated for 4 -11 intervals that were long enough to exclude perisaccadic activity. Figure 3C summarizes the results obtained from 12 MLBNs tested for the responses to a moving spot light (n ϭ 7) or a moving object (n ϭ 5). A pair of circles connected by a line indicates data from the same MLBN. In all of 12 MLBNs, visual stimulation produced an increase in the intersaccadic firing rate (unpaired t-test, P Ͻ 0.05). The overall mean was 6.9 Ϯ 5.8 spike/s before stimulation (Fig. 3C , Bkgrd) and 40.1 Ϯ 11.7 spike/s during visual stimulation ( Fig. 3C , Stim; n ϭ 12, paired t-test, P Ͻ 0.001). Because visual response was examined sometime after the end of strychnine application in the majority of neurons, the above firing rate before visual stimulation was lower than the intersaccadic firing rate described in the preceding section.
Responses to stroboscopic light placed at a fixed site in front of the animal were also examined in one MLBN. The stimuli consisted of 10 repetitive flashes at 20 Hz. There was no response to stimulation before strychnine application. Even after strychnine application, responses to stroboscopic light were very weak. Figure 4 shows rasters of the response aligned on the time of the first flash (top) and a histogram average of the raster trials (bottom). The traces containing bursts of spikes associated with saccadic eye movements were discarded. Because of lack of a one-to-one relationship between a flash and elicited spikes, exact latencies could not be determined. However, the spike histogram in Fig. 4 suggests that the shortest latency of evoked spikes was ϳ70 ms from the first flash. The evoked response diminished at ϳ100 ms after the end of the flashes, indicating that the visual stimuli were effective for this neuron during the whole period of repetitive flashing.
Effects of strychnine on responses to stimulation of the SC
Effects of iontophoretic application of strychnine were also examined on the response of MLBNs to electrical stimulation of the SC. Figure 5 shows responses of a MLBN to singlepulse stimulation of the contralateral SC during intersaccadic intervals. In the absence of strychnine, stimulation evoked no spike response and only negative field potentials were observed (Fig. 5A, top) . After strychnine application, the same stimuli induced spikes with a shortest latency of 1.1 ms in this cell (Fig. 5A, bottom) . Of 14 MLBNs examined, 12 exhibited spikes with shortest latencies of 0.9 -1.4 ms, which were regarded as monosynaptic (cf. Chimoto et al. 1996) . One MLBN had a shortest latency of 2.2 ms, which was probably disynaptic. The remaining one MLBN showed no response to SC stimulation even after strychnine application.
Although most MLBNs thus received monosynaptic connections from the SC, the latency of evoked spikes varied considerably from trial to trial. Figure 5 , B and C, shows distribution of latencies in individual trials for two MLBNs. Most of the spikes were evoked between 1 and 4 ms after the stimulus. The distribution of latencies was often bimodal, the first peak being around 1.2-1.6 ms and the second around 1.7-2.4 ms. This bimodal distribution was not due to double discharge in single trials. When monosynaptic activation was induced, no delayed response was observed. Conversely, when monosynaptic activation did not occur, a late spike was often generated in that trial (Fig. 5A, bottom) . These observations suggest that most MLBNs receive disynaptic inputs from the SC in addition to monosynaptic inputs.
As time elapsed after the termination of strychnine ejection, the frequency of occurrence of spike response gradually decreased. Usually, the monosynaptic responses tended to disappear first, then the later responses decreased, and eventually no response could be induced as before strychnine application.
Effects of strychnine on perisaccadic activity of MLBNs
GENERAL. After confirming the effectiveness of strychnine on each MLBN with the occurrence of spike discharge during intersaccadic intervals, its saccade-related activity was examined. Figure 6 shows the averaged time course of horizontal eye position (top), velocity (middle), and instantaneous firing rate of a MLBN (bottom) aligned on the saccade onset. Before strychnine application (Fig. 6A) , the time course of the burst of spikes associated with ipsiversive saccades resembled that of eye velocity, and spike activity terminated at the time close to the end of the concurrent saccade. The firing activity associated with contraversive saccades was very weak in this cell. After strychnine application (Fig. 6B) , the profile of the burst per se associated with ipsiversive saccades appeared similar to that of eye velocity (Fig. 6B, left) , but the sharp decay of the burst was followed by gradually decreasing activity that lasted beyond the end of saccades. Firing activity related to contraversive saccades increased from nearly zero to a peak rate of ϳ100 spike/s. This off-direction activity also outlasted the concurrent saccades (Fig. 6B, right) .
PRESACCADIC ACTIVITY. After strychnine application, it was often noted that low-frequency spike activity preceded intense bursts for on-direction saccades (e.g., 2nd ipsiversive saccade in Fig. 1B ). Although this presaccadic activity varied greatly from saccade to saccade, averaging across many saccades revealed a gradual increase in firing rate before high-frequency bursts in most MLBNs (e.g., Fig. 6B, left) . The exact onset of this activity was difficult to determine for individual saccades because of the existence of irregular spontaneous activity, but it seemed that the activity began to increase 50 -100 ms before the onset of saccades.
POSTSACCADIC TAIL DISCHARGE. The most prominent feature of spike activity associated with ipsiversive saccades following application of strychnine was the occurrence of the prolonged spike activity that followed the burst. Figure 7A shows a typical example of the prolonged activity. To characterize the time course of the prolonged activity, spike data associated with individual saccades were aligned on saccade end (Fig. 7B ) and averaged. The transition from the intense, eye-velocityrelated activity to the prolonged activity was often abrupt and slightly preceded saccade end. The spike activity then gradually decreased to the intersaccadic firing level with an expo- nential-like time course (Fig. 7C) . The time constant of the slow decay, obtained by fitting a single exponential, was 160 ms in this neuron. The saccade-related prolonged discharge was found in all MLBNs after strychnine application. The time constant measured for 13 MLBNs ranged from 70 to 220 ms with a mean of 131 ms. The time course of postsaccadic prolonged discharge after cotraversive saccades was similar to that of the activity after ipsiversive saccades. The postsaccadic prolonged activity will be called hereafter the tail discharge for both ipsi-and contraversive saccades.
The frequency and the number of spikes in the tail discharge fluctuated considerably from saccade to saccade. The intensity of the tail discharge was defined as the area below the smoothed firing rate curve for the period 0 -100 ms after saccade end. In Fig. 8A , the intensity of the tail discharge is plotted against the horizontal amplitude of the associated saccades for a MLBN. Although the data points are widely scattered, the intensity of the tail discharge tended to be larger for the ipsiversive component of saccades than for the contraversive component within the range of horizontal amplitude Ͻ15°. The tendency was significant in 11 of 12 MLBNs examined (P Ͻ 0.05, unpaired t-test). The mean intensity of the tail discharge associated with ipsiversive saccades was significantly larger than that associated with contraversive saccades (Fig. 8B , n ϭ 12, P Ͻ 0.001, paired t-test).
Effects of strychnine on saccadic burst of MLBN spikes
Obvious changes in spike activity during contraversive saccades raised the possibility that burst discharge during ipsiversive saccades were also affected by strychnine. To examine this possibility, the relationship between the mean firing rate during the saccade and the mean horizontal eye velocity was analyzed quantitatively. Because burst activity normally began and ended earlier than the concurrent saccade, the mean firing rate was calculated for the duration of saccade after shifting the onset of the saccade by the estimated lead time (15 ms). Figure  9A compares the relationships obtained before (blue circles) and after (red circles) application of strychnine for one neuron. As can be seen in Fig. 9A , strychnine caused a clear upward shift of the data points. For ipsiversive saccades, there was a high correlation between the mean firing rate and mean eye velocity in both pre-(r ϭ 0.82, P Ͻ 0.001) and postapplication data (r ϭ 0.86, P Ͻ 0.001). The regression lines for pre-and postapplication data were y ϭ 86.3 ϩ 1.35x and y ϭ 141.7 ϩ 1.52x, respectively. Figure 9 , B and C, summarizes the results of similar analysis in 16 MLBNs. In all units, application of strychnine increased the ordinate intercept of the regression line (Fig. 9B) . The mean of the intercept was 67.9 Ϯ 37.2 spike/s before application and 97.3 Ϯ 32.4 spike/s after application, the difference being highly significant (P Ͻ 0.001, paired t-test). There was also a tendency for the slope of the regression line to become steeper with the mean values of 1.83 Ϯ 0.60 (spike/s)/(degree/s) before application and 2.03 Ϯ 0.54 (spike/s)/(degree/s) after application (P ϭ 0.024, paired t-test; Fig. 9C ). Thus strychnine increased the mean firing rate for the entire range of ipsiversive saccade velocity.
We further investigated whether the effects of strychnine on the burst intensity were related to the direction of saccades. In Fig. 10A , the burst intensity for the same neuron as in Fig. 9A was plotted as a function of the saccade direction. In the absence of strychnine, the burst intensity was highest for the saccade in the approximately ipsilateral direction and lowest for the saccade in the contralateral direction (Fig. 10A, blue  circles) . The burst intensity after strychnine application was modulated with saccade direction in a similar fashion (Fig.  10A , red circles) but tended to be higher than that before application. To quantify this tendency, the data were divided into 30°bins in terms of saccade direction and the mean burst intensity within each bin was calculated. Comparison between the burst intensities before and after strychnine application indicated that strychnine significantly increased the burst intensity in all saccade directions. Effects of strychnine on the burst intensity for saccades of different directions were studied for 12 other MLBNs as well. In these neurons, however, the number of data within each 30°bin was not sufficient for statistical comparison. Therefore the effects of strychnine were evaluated for saccades whose directions fell within ipsilateral (Fig. 10B) or contralateral (Fig. 10C) 60°bins. In 5 of the 13 MLBNs (including the cell shown in Fig. 10A ), the burst intensity was significantly increased by strychnine application for both ipsi-and contraversive saccades (P Ͻ 0.05, unpaired t-test). The mean burst intensity across all the neurons was significantly higher after strychnine application than before (P Ͻ 0.001, paired t-test, n ϭ 13).
D I S C U S S I O N
The present study has shown that iontophoretic application of strychnine, a glycine-receptor antagonist, to MLBNs produces marked changes in their discharge characteristics with the whole saccade generating mechanisms kept virtually intact. The change in MLBN activity was found for both fixations and saccades. The response to visual stimuli during fixations and the prolongation of their burst activity beyond the end of saccades were especially remarkable. Based on the present findings, in the following, the temporal characteristics of excitatory input to MLBNs are estimated, and a functional role of inhibitory action of OPNs on MLBNs is reconsidered in relation to the accurate termination of saccades.
Intersaccadic excitatory inputs to MLBN revealed by blocking glycinergic inhibition
MLBNs normally show no spontaneous activity and no response to visual stimulation during intersaccadic intervals. The intersaccadic quiescence of MLBNs is believed to be caused by tonic inhibitory input from OPNs (Fuchs et al. 1985; Keller 1974 for review). However, excitatory inputs masked by this tonic inhibition have so far not been revealed. In the present study, MLBNs, to which strychnine was iontophoretically applied, exhibited intersaccadic spontaneous discharge and spike responses to visual stimulation. Considering that the neurotransmitter from OPNs to MLBNs is glycine (Horn et al. 1994) , these changes in MLBN activity are attributable to reduction or elimination of tonic inhibitory action of OPNs. The present results suggest that MLBNs receive substantial excitatory inputs during fixations and that OPNs normally prevent the MLBNs from responding to these excitatory inputs. This supports the notion that the inhibitory action of OPNs is crucial for stable fixation. Recent studies have shown that in monkeys visual stimulus presentation elicits neck muscle responses even in the absence of gaze shifts (Corneil et al. 2004 (Corneil et al. , 2008 . These authors suggested that OPNs prevent excitatory inputs from triggering eye saccades in such "covert orienting" to ensure a stable retinal image. Our results are consistent with this suggestion.
Possible sources of excitatory inputs may include the SC and the frontal eye field. The effects of SC stimulation on MLBNs are consistent with the notion that excitatory inputs present between saccades may originate from the SC. Single-pulse stimulation of the SC during fixations exerted no effect before strychnine application. However, the same stimuli evoked spikes with mono-and polysynaptic latencies after strychnine application. These findings are in agreement with our earlier study that SC stimulation delivered during saccades, when MLBNs were free from OPN inhibition, produced mono-or polysynaptic activation (Chimoto et al. 1996) . It should be noted, however, that monosynaptic activation was rarely observed in MLBNs following SC stimulation in the monkey (Keller et al. 2000) . Several classes of neurons described in previous studies in the cat and monkey could be sources of intersaccadic excitatory inputs to MLBNs. A group of tecto-reticulo-spinal neurons in the cat has a sustained discharge that reflects a gaze position error (Munoz and Guitton 1985) . The descending effects are mediated by their collateral axons (Grantyn and Berthoz 1985; Munoz and Guitton 1986) . Some of the saccaderelated burst neurons in the SC show appreciable long-lead activity before the saccadic burst (Moschovakis et al. 1988; Munoz and Wurtz 1995; Sparks 1978; Sparks et al. 1976 ). Morphophysiological study with intraaxonal staining demonstrates that the saccadic long-lead burst neurons (LLBNs) in the monkey SC project to MLBN (both EBN and IBN) regions (Scudder et al. 1996a) . Some pontine LLBNs the somata of which are located within the projection areas of SC efferents terminate in the EBN and IBN regions (Scudder et al. 1996b) . A group of LLBNs around the abducens nuclei, the burst metrics of which resemble those of EBNs (called eLLBNs) Fig. 9A . B: burst intensities during saccades within 60°bins of saccades in the ipsilateral (left) and contralateral (right) directions. Blue and red circles in A and B indicate data obtained before (Pre) and after (Post) strychnine application, respectively. (Kaneko 2006) , show visual responses. Further, in the cat, burster-driving neurons (BDNs), which receive excitatory input from the SC and project to MLBNs, exhibit steady firing during intersaccadic intervals and responses to visual stimulation (Kitama et al. 1995; Ohki et al. 1988) .
Iontophoretic application of strychnine also disclosed presaccadic elevation of excitability of MLBNs, which probably reflects the long-lead activity of neurons discussed above. The long-lead excitatory input may play a role in the initiation of saccades. It is generally thought that a pause of OPN activity, which results in disinhibition of MLBNs, is necessary for saccade initiation. Our results suggest that the slow depolarization of MLBNs due to long-lead excitatory input is sufficient to induce spikes when inhibition is absent. If there were no long-lead excitatory input, the membrane of MLBNs would remain deeply hyperpolarized, and spike initiation would be delayed. We suggest that prelude of LLBNs serves as a preparatory signal to produce a MLBN burst as early as possible after the onset of OPN pause.
Role of inhibitory action of OPNs in saccade termination
The timing of saccade termination is most important for the accurate acquisition of a new visual target. It is generally accepted that saccade accuracy is ensured by an internal feedback, the anatomical substrate of which has not been fully clarified. Whereas some reports suggest the involvement of the SC in this feedback (Keller 1981; Matsuo et al. 2004; Waitzman et al. 1991) , there is evidence that the feedback loop closes downstream of the SC (Goossens and van Opstal 2000, 2006; Kato et al. 2006; Keller and Edelman 1994) . The internal feedback system compares current eye displacement with desired eye displacement in the course of saccadic eye movements. The difference between current and desired eye displacement provides burst generator with a saccadic excitatory drive. When the excitatory drive drops to zero, MLBNs stop firing and the saccade ends (Fuchs et al. 1985; Moschovakis et al. 1996 for reviews; Robinson 1975) . In the present experiments, when inhibitory action of OPNs was blocked by strychnine application, saccadic bursts of MLBNs were followed by prolonged activity that outlasted the concurrent saccade. This unexpected finding indicates that the saccadic excitatory drive to MLBNs does not drop to zero at the end of saccades but continues thereafter for a considerable time. It is therefore suggested that although the burst profile is well controlled by the internal feedback until near the end of saccade (see following text), the termination of saccade cannot be accomplished without active inhibition of MLBNs by OPNs. Then the question arises regarding how the timing of the resumption of OPN spikes is determined. Our previous intracellular study of OPNs has shown a striking similarity in time course between the falling phase of saccade velocity and the decay phase of the membrane hyperpolarization caused by inhibitory postsynaptic potentials (IPSPs) (Yoshida et al. 1999) . This indicates that OPNs continuously monitor the eye velocity during saccades and resume firing when the velocity becomes sufficiently low. The resumption of OPN spikes accelerate a decrease in MLBN firing, which in turn further reduces the OPN-membrane hyperpolarization. Eventually, such an interaction between OPNs and MLBNs may ensure rapid termination of saccade even in the presence of prolonged excitatory input to MLBNs.
It is interesting to compare the present study with earlier lesion studies of OPN region. Kaneko (1996) reported that ibotenic acid injections in the OPN region increased saccade duration and decreased peak saccadic velocity in the monkey. The increase in duration was attributed mainly to a delay of saccade termination. The delay of saccade termination after the OPN lesion may be relevant to the prolonged excitatory input to MLBNs revealed in the present study. In contrast, the decrease in peak saccadic velocity after the OPN lesions might seem to be inconsistent with the present results showing an increase in saccadic MLBN firing rate after strychnine application. However, the following should be considered. First, only a few MLBNs were affected in the present study leaving the burst generator largely intact (including OPN activity) while the lesion studies affected much of the OPN region. The lesions of the OPN region may change the pattern of excitatory inputs to MLBNs. As a matter of fact, Soetedjo et al. (2002) have shown that injection of muscimol into the OPN region causes an increase in burst duration and, in some cases, a concomitant decrease in burst peak firing rate in saccaderelated burst neurons in the SC, a major source of excitatory input to MLBNs. Thus the saccade slowing after the OPN lesions may reflect a widespread change in the burst generator circuitry rather than the effect of simple removal of OPN inhibition on MLBNs. Second, Miura and Optican (2006) have suggested a possibility that saccades became slower after OPN lesions because of a decrease in the postinhibitory rebound due to smaller presaccadic hyperpolarization of MLBNs. They performed model studies of membrane channel properties of MLBNs underlying saccade slowing after OPN lesions, proposing the involvement of reduced low-threshold calcium current and reduced N-methyl-D-aspartate current. Our results do not seem to be explained by their hypothesis. Iontophoretic application of strychnine should have blocked glycinergic inhibition originating not only from OPNs but also from other sources projecting to the recorded MLBNs. The increase in mean burst firing rate was likely due to blockade of inhibitory input of non-OPN origin that impinges on MLBNs during saccades (see following text).
In humans, a different pattern of abnormal eye movement has been reported; i.e., macrosaccadic oscillations in a patient with pontine lesions involving the OPN region (Averbuch-Heller et al. 1996; cf. Leigh and Zee 2006) . Such oscillations consist of a series of hypermetric saccades made about the position of the target. The prolonged excitatory inputs to MLBNs, though normally masked by OPN inhibition, may manifest themselves as the hypermetria after the lesion.
The excitatory input to MLBNs existing after the end of saccades may influence the pattern of the succeeding saccade that occurs with short intervals. There are some studies showing such a postsaccadic influence. It has been reported that in double saccades, changes in the amplitude and direction of second saccades evoked by electrical stimulation of the SC following a visually guided first saccade decay with a time constant of ϳ45 ms (Nichols and Sparks 1995) . Kustov and Robinson (1995) have obtained similar findings and suggested that the end of saccades is not a period of quiescence within the oculomotor pathways.
Origins of excitatory inputs responsible for postsaccadic tail discharge
The source of prolonged excitatory input that produces tail discharge in MLBNs may be, at least in part, attributed to the activity of saccade-related burst neurons in the SC. Waitzman et al. (1991) have examined the temporal relationship between the end of saccades and the end of the concurrent burst of spikes in the monkey SC. For about half of saccade-related neurons (partially clipped cells), the major burst of activity declines rapidly before the end of the saccade, but a low level of activity continues for 30 -100 ms after the end of the saccade. Efferents of monkey SC neurons showing the trailing activity have been studied morphologically with intraaxonal staining and found to project to saccade-related structures including EBN and IBN regions (Scudder et al. 1996a ). Saccade-related discharge of tectoreticular neurons identified by antidromic activation outlasts the end of saccades in the monkey (Rodgers et al. 2006 ). In the cat, similar trailing activity has been seen in some saccade-related SC burst neurons (Peck 1987; Peck et al. 1980 ) and morphophysiologically identified tecto-reticulo-spinal neurons (Grantyn and Berthoz 1985; Munoz and Guitton 1986) . Polysynaptic pathways between the SC and MLBNs may also contribute to the prolonged input. In a morphophysiological study, Scudder et al. (1996b) have found that bursts of a pontopontine LLBN often end well after the saccade. A group of LLBNs located in the dorsal pons also shows prolonged postsaccadic activity (Kaneko 2006) . BDNs, which have been shown to project to MLBNs, exhibit trailing activity following on-direction saccades (Kitama et al. 1995) .
Another source of saccade-related excitatory inputs to MLBNs would be the cerebellar fastigial nucleus. Neurons in the caudal part of the fastigial nucleus (fastigial oculomotor region, FOR) project to the contralateral IBN and EBN areas (Noda et al. 1990; Sato and Noda 1991) . Electrical stimulation of the FOR excites the IBNs and EBNs with short latencies (Scudder et al. 2000) . These findings strongly suggest that FOR neurons project directly to MLBNs. Like MLBNs after strychnine application, some FOR neurons exhibit a prolonged discharge following both ipsiversive and contraversive saccades (Fuchs et al. 1993; Ohtsuka and Noda 1991) . It is thus suggested that FOR neurons could contribute to the prolonged excitatory input associated with not only on-but also offdirection saccades.
Contribution of glycinergic inhibition of non-OPN origin to control of saccade size and velocity
The temporal profile of the MLBN burst during ipsiversive saccades after strychnine application was similar to that before application. In both conditions, the instantaneous firing rate was closely related to the instantaneous horizontal eye velocity (Fig. 6) . However, statistical analysis showed that the burst firing rate was increased by strychnine over a wide range of eye velocity. An increase in spike activity was also observed for contraversive saccades (Fig. 9A) . Moreover, the burst intensity (the number of spikes divided by the radial amplitude of saccade) showed a significant increase for all directions (Fig.  10) . These changes suggest that MLBNs receive a glycinergic inhibitory input not only during fixation but also during saccades. Because OPNs are silent during saccades, the inhibitory input during saccades should have a different origin. This non-OPN inhibitory input may contribute to fine regulation of saccade size and velocity. The non-OPN inhibition may also serve to sharpen the directional selectivity of MLBNs by reducing the effect of excitatory input associated with contraversive saccades.
Regarding the source that provides the non-OPN inhibitory input to MLBNs during saccades, circumstantial evidence suggests the involvement of crossed projections from contralateral IBNs. Morphophysiological studies have shown that IBNs send collateral axons to the contralateral IBN and EBN areas as well as the abducens nucleus in cats (Yoshida et al. 1982) and monkeys (Strassman et al. 1986b ). The study of Yoshida et al. has also shown that a dendrite of an IBN appears to be contacted by an axon collateral of an IBN located on the contralateral side. These results suggest that IBNs are inhibited by contralateral IBNs. The notion of the commissural inhibition of IBNs is in agreement with a recent electrophysiological study of Sugiuchi et al. (2005) who showed that inhibition of IBNs caused by stimulation of the ipsilateral caudal SC was abolished by midline sectioning at the rostrocaudal levels of the IBN region. An autoradiographic and immunohistochemical study has shown that neurons in the IBN region projecting to the contralateral abducens nucleus are glycine immunoreactive (Spencer et al. 1989) , suggesting that IBNs are glycinergic. It is therefore possible that strychnine blocked the commissural inhibitory input to MLBNs in the current study. The observed effect of strychnine, however, cannot be explained solely by the loss of contralateral IBN input. While the strength of inhibitory input from contralateral IBNs would depend on velocity and direction of saccades, the effect of strychnine was roughly uniform independent of saccade velocity and direction. The exact origins of the non-OPN inhibitory input remain to be clarified.
In conclusion, discharge pattern of the burst generator is determined by interaction of excitatory and inhibitory influences from various sources. It is suggested that, while glycinergic inhibitory action of OPNs plays an essential role in suppressing intersaccadic MLBN activity and in accurately terminating saccadic bursts of MLBNs, non-OPN glycinergic inhibition controls the intensity of the saccadic bursts in MLBNs, thereby contributing to regulation of the size and velocity of saccades. 
